The accuracy of moisture content determination in grain from measurement of electromagnetic parameters is known to be dependent on the bulk density of the sample used for the measurement. Various means of limiting this effect have been considered in the past. This paper identifies various density-independent expressions developed for this purpose and compares their effectiveness in minimizing the density dependence of the predicted moisture content. The same procedure and data set from more than 180 measurements on hard red winter wheat, Triticum aestivum L., at frequencies of 11)3 and 16)8 GHz on samples in free space were used for the comparison. Several density-independent expressions were identified that predict wheat moisture content with a standard error of calibration of about 0)2% moisture for moisture contents ranging from 10)6 to 18)2% w.b. Although these results were obtained for static samples of grain, the principles can be extended to grain flowing through a tubular conduit, or moving on a conveyor, for continuous measurements.
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Introduction
Moisture content is one of the most important factors affecting the quality of grain during storage, processing and transport. Grain of too high moisture content readily spoils, and, when needlessly overdried, loses nutritional value and can incur physical damage during handling. The moisture content, M, is defined as
where m U is the mass of water, and m B is the mass of dry material. For a given volume of material, v, Eqn (1) may be rewritten in the form
where k and g are partial densities of water and dry material, respectively, and is the density of wet material. Currently, the standard methods for grain moisture measurement require weighing and oven drying of samples to determine both m U and m B according to Eqn (1) . The methods require a long time for completion (up to 19 h for wheat kernels and 72 h for whole-kernel corn), and results are obtained for replicated samples of a few grams each. Rapid moisture tests are made with electrical meters that measure static samples of known weight or volume and use the correlation between the dielectric properties of a material and its water content to predict moisture content. Because of variation in moisture distribution in large grain lots in elevators, ships or mill storages, many samples must be measured for reliable determination of an average moisture content. A rapid moisture measuring system that could sense the moisture content of a flowing stream of grain and detect the variations in real time would be a valuable tool for grain quality control.
Electrical sensing of moisture content is based on changes in an electrical signal interacting with a moist material. At any operating frequency, this interaction is related to the amount of water in a given volume, and is affected to a lesser extent by the mass of the dry material. Thus, the partial density of water, k, can be determined from the electrical measurement. It is evident from Eqn (2) that determination of moisture content requires the density of the moist material, , to be known. This information can be obtained from a separate density measurement, e.g. by weighing a sample of given volume or by using a -ray density gauge. Changes and fluctuations in the amount of material under test produce electrical responses similar to changes in the water content, and therefore create a measurement error. This error can be eliminated only if the mass or density of wet material in the measuring space is kept constant during the calibration procedure as well as during the measurement.
The bulk density of grain depends upon kernel shape, dimensions, moisture content and surface structure and condition. Hence, maintaining a constant grain density during continuous moisture content measurements under grain elevator or mill conditions is impractical. Various means for limiting the density variation during moisture content measurement by dielectric sensing have been considered in the past, and it was concluded that the most reliable solution is the use of some density-independent expression, i.e. a relationship between the electrical properties of grain and its moisture content that does not vary with changes in bulk density of the grain. Work on finding and testing such functions started many years ago with instruments operating at microwave frequencies
1,2
. However, recently, some successful expressions using frequencies below the microwave range have been reported.
3-5
The purpose of this paper is to present various densityindependent expressions developed through the years, to compare their effectiveness in limiting the density effect in wheat moisture sensing and to discuss their features and limitations. To provide an objective comparison, each expression is used for predicting the moisture content from the same set of experimental data. Physical aspects of the expressions are discussed, and directions for further research are considered.
General considerations
There are two common situations in industry where an on-line continuous moisture content monitoring system might be applied: (1) where the material layer thickness cannot be controlled and (2) where elements of a transporting system can be used for controlling the material layer thickness. For example, these situations correspond to a belt conveyor and to transporting the material through a dielectric or metal pipe, chute, duct or auger conveyor. They are schematically presented in Fig. 1 where radiating elements (R) of a measuring system are also shown. For free-space microwave measurements there is no need for physical contact between the instrument and the material, and the moisture content determination can be provided in a continuous and nondestructive manner. 6 This feature is especially important in the food industry where requirements for cleaning and sanitation of the product transport system are very stringent.
¼ave propagation in a layer of material
When an electromagnetic plane wave is transmitted through a layer of homogeneous dielectric material of thickness d surrounded by air, the complex transmission coefficient T for perpendicular wave incidence can be expressed as
where is the complex reflection coefficient at the air-material interface, is the complex propagation constant of the material and d is the thickness of the material layer. The complex reflection coefficient at the interface is
where is the relative complex permittivity. The propagation constant for non-magnetic materials ( "1) is given as,
where is the attenuation constant, is the phase constant and is the free-space wavelength. The material permittivity, " !j , consists of a real part known as the dielectric constant and an imaginary part called the loss factor. The ratio of the two components is known as the loss tangent and denoted as tan " / . The loss factor accounts for all energy dissipation in the material, including that related to dielectric relaxation, BGCJ , and to the d.c. conductivity of the material. Thus, the total loss factor can be expressed as a sum
where "8.854;10\ F/m is the permittivity of free space, "2 f is the angular frequency, where f is the operating frequency, and is the d.c. conductivity. At microwave frequencies ( f'10 Hz), the second term in Eqn (6) is negligible and can be omitted. There is a direct relationship between the properties of the material and components of its propagation constant. By solving Eqn (5) for both components of the propagation constant, and assuming that energy loss is not very significant, i.e. ( )<( ), which is true in most practical cases, the following approximate expressions are obtained:
( (rad/m) and
The complex transmission coefficient, Eqn (3), can be expressed in polar form as
where "¹" is the modulus of the complex transmission coefficient and is its argument. When measuring moisture content by microwave techniques, the attenuation A and the phase shift , are usually measured and directly related to the complex transmission coefficient
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A"!20 log"¹" (dB) and "! #360 n (deg) (9) where n is zero or a positive integer. The phase-shift ambiguity (finding the proper value of n) can be resolved by another measurement at either another frequency 7 or with samples of different thickness. Both attenuation and phase shift are taken to be positive numbers. It is a common practice to determine the material complex permittivity from a transmission measurement in free space. From Eqns (7) and (9) the two components of the complex permittivity can be expressed as
and
where is the phase shift in degrees, " ! , with "360/ being the phase shift in the empty measuring space in degrees, and A"A !A is the attenuation introduced by the material, expressed in decibels.
Ratio of attenuation and phase shift
It has been observed experimentally 8 that the ratio of the attenuation and phase shift measured in free space, when correlated with the material moisture content, behaves as a density-independent function. From Eqns (10), the two variables can be expressed as
Their ratio can be expressed as a density-independent function,
where constant c"0)0758, and permittivity functions
This is the reciprocal of the density-independent function reported earlier 9,10 and proposed as a density-independent function in moisture content measuring systems.
11-14
It is interesting that the same reciprocal was also found to be a size-independent function in resonant cavity measurements. 15 Because both measured variables of Eqn (11) are directly proportional to layer thickness, the density-independent function X can be correlated with the material moisture content without regard to fluctuations in the material layer thickness d where d( . This is often a valuable feature.
Density-normalized permittivity
A new density-independent function has been recently developed by Trabelsi. 16, 17 This function is based on the observation that in the complex permittivity plane, the normalized variables / and / for all temperatures and moisture contents can be expressed by the linear equation
where a D is the slope of the line, which depends only upon the operating frequency, and b is the intercept constant, which, for a given material, has the same value at all frequencies and corresponds to the density-normalized zero-moisture material permittivity or the density normalized permittivity of the material at very low temperature. Because of the special meaning of the loss tangent in describing energy balance and losses in dielectric material, the density-independent expression was created by normalizing the loss tangent to the bulk density. When the density is extracted from Eqn (14) , the following can be written:
As Eqn (15) is non-linear with moisture content, further observations lead to the density-independent expression, X "(X , which will be discussed later. As the loss tangent is included in several of these expressions, it is also interesting to test the density-independent properties of the simple function.
Dielectric mixture equations
Several authors have noted that the permittivity of many materials is a quadratic function of the material density.
18-20 In general form it can be expressed by the mixture permittivity equation
where is the complex permittivity of the mixture of two components with volume fractions v #v "1. For a two-phase mixture of solid particles and air
, where subscripts m and s refer to the mixture and the solid phase, respectively. It follows from Eqn (17) that equations for the permittivities normalized to the densities, have the following form:
Thus, a density-independent function can be written as
Similar experimental observations 20 lead to the conclusion that for some materials the density is a linear function of the cube root of the material dielectric constant. This observation provides another density-independent expression in the form
Another expression can be developed for materials showing a more linear relationship between the loss factor and the density. These materials might obey the following empirical density-independent expression:
2.5. Multiple regression analysis
Single frequency measurements
This approach is based on an assumption that in the interaction of the electromagnetic wave with moist material, the difference between the effect of water (usually a strong effect but a small amount) and that of dry material (usually a weak effect but a larger quantity) can be distinguished.
23-25 Thus, two measured material properties can be correlated with the partial density of water, k, and the partial density of dry material, g. The magnitude and phase of the reflection coefficient or the transmission coefficient, measured at one frequency, leads to functional relationships in the form
Numerical coefficients of Eqns (22) will be characteristic for a particular material and given measurement conditions (temperature, frequency, layer thickness, sensor configuration, etc.). Solving these two equations by separation of variables, the following two relationships, expressing k and g, can be obtained:
Substituting these values into the definition expressed in Eqn (1), equations are obtained for moisture content and density of moist material in terms of measured quantities A and in the form
A second set of relationships similar to Eqns (22) and containing two other measured variables (e.g. magnitude and phase of the reflection coefficient), could permit the determination of two more parameters of the material under test. The material temperature could be a third predicted quantity, and similar expressions could be developed that compensate for thermal effects in the range of practical interest.
26,27

Multifrequency measurements.
With the development of fast microprocessors and digital signal processors, carrying out measurements at several frequencies and analyzing their results in real time becomes easier and less expensive. This provides incentives for multifrequency measurements, and multiparameter measurements in general. Using the results of measurements carried out at two or more microwave frequencies provides a solution to the phase-shift ambiguity problem [see Eqn (9) ] and also provides redundant information that can be used for repeated calculations of M and according to Eqns (24) or for potential determination of other material variables. In preliminary studies, the material layer thickness and its temperature have been indicated as target variables. 27 Further studies of criteria for frequency selection are needed before this approach can be applied in practical situations, but it seems certain now that such solutions are quite feasible and should materialize in the future. Results of multifrequency measurements might serve also as a basis for implementation of modern measuring techniques in microwave aquametry, such as neural network techniques, 28 and modern methods of data analysis, such as principal component analysis.
Materials and methods
Two cultivars of hard red winter wheat, ''Karl'' and ''Arapahoe'', ¹riticum aestivum L., grown in Nebraska in 1992 and 1994, respectively, were used for measurements at 24°C. Sample moisture content ranged from 10)6 to
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Fig. 2. Attenuation (a) and phase shift (b) through a layer of wheat of different densities at 24°C as a function of grain moisture
content ( f"16.8 GHz) 18)2%, wet basis. The sample holder, a polyethylene container of 12;15 cm vertical cross section with 0)2 cm wall thickness, providing a layer of grain 10)4 cm thick, was filled with grain and placed between two horn antennas in free space. 29 The horns were equipped with waveguide-to-coaxial adapters that permitted them to be connected via coaxial cables to the two ports of a vector network analyzer. The analyzer was calibrated in the transmission mode with an empty sample holder inserted between the two antennas. Measurements of the transmission coefficient were automated by a computer program written for this purpose and were performed at eight frequencies ranging from 10)3 to 18 GHz. Average error in attenuation measurement was less than $0)25 dB, and the error in phase shift measurement was about $3°.
After calibration of the measurement system with the empty sample holder between the two horn antennas, the sample holder was filled with grain and located in the same position between the horns. Starting from a loosely filled sample holder, the measurements of the attenuation and phase shift were repeated for samples of gradually increased density obtained by settling the sample and adding more grain. The bulk densities ranged from 720 to 879 kg/m. The measurements were repeated for grain of various moisture contents at 24°C, providing a total of 181 data points at each of eight frequencies.
Results and analysis
Attenuation and phase shift data for the two hard red winter wheat cultivars were indistinguishable, so the data from measurements on both cultivars were pooled for the analysis. The results of these measurements at 16)8 GHz are shown in Fig. 2 , where attenuation and phase shift are presented as functions of moisture content. Spread of the data results from density variation and demonstrates that there is practically no way to establish an accurate relationship between the wave parameters and the material moisture content that can be used for prediction of moisture content on the basis of a one-parameter measurement. For a given value of a measured parameter, A or , the corresponding value of moisture content varies up to 2-8%. The results of the measurements were then used to predict moisture content with the density-independent functions discussed above to verify the effectiveness of these expressions.
Permittivities of bulk wheat at two frequencies, 11)3 and 16)8 GHz, were calculated with Eqns (10) from the experimental data for A and , similar to that illustrated for 16.8 GHz only in Fig. 2 . Next, by using the respective values for the dielectric constant, , and loss factor, , numerical values of expressions X L , for n"1 to 8, were calculated for each of the 181 data points. Results as functions of moisture content are presented in Figs 3-6 . Data from each expression were fitted to a non-linear regression model in the form
Then, each expression was solved for M L to provide a calibration equation for moisture content determination:
where Table 1 lists numerical values for all expressions identified in Section 2 and calculated for two frequencies. The standard error of calibration (SEC) was also calculated from all 181 data points, where (13), (15) and (16) (19) , (20) and (21)] N is number of points, p is the number of independent variables in a multiple regression model and
is the difference between the standard oven determination and the predicted moisture content in percentage, wet basis. The SEC values together with the correlation coefficients, r, related to Eqn (25) , are also listed in Table 1 . Equation (26) can be called the densityindependent calibration equation because it permits moisture content to be determined regardless of the material density.
When the relationship between the density-independent expression and moisture content in a limited range is quasilinear, instead of using Eqn (25) , it is often more convenient to use linear regression of the data in the form
which can be converted into a linear density-independent calibration equation of the following form:
where
The numerical coefficients for Eqn (29) for the two frequencies are listed in Table 2 , together with the coefficients of correlation and SEC values calculated as before from Eqn (27) . It may be noted that for expressions X and X , which are almost linear functions of moisture content, the difference between the SEC values listed in Tables 1 and 2 is negligible, and, hence, the linear Eqn (29) can be applied. Table 1 Numerical coefficients for the calibration equations in the form M n ‫؍‬ (A n X n ؉C n ؉B n , for n ‫؍‬ 1 to 8 and their statistics at two frequencies Table 2 Numerical coefficients for the calibration equations in the form M n ‫؍‬ A n X n ؉B n , for n ‫؍‬ 1 to 8 and their statistics at two frequencies The relationships between the moisture content and X and tan are illustrated in Fig. 3 , together with the function c and illustrates the stabilizing effect of on the loss tangent in Eqn (12) . The loss tangent is not a linear function of moisture content, but when multiplied by c becomes the effective expression X . Similar relationships between the moisture content and loss tangent and expression X are presented in Fig. 4 X , X , X and X , X and X , are presented in Fig. 5 and Fig. 6 , respectively. Even though some functions show relatively low slopes when plotted with the scales shown in these graphs, sensitivity of the measurement is adequate for accurate moisture content sensing in all instances.
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Examination of data collected in Table 1 , reveals that, although the SEC values for 11)3 GHz are generally a little smaller, there is no decisive superiority of one frequency over the other. Based on the SEC as a measure of effectiveness for density independence, X 2 X provide more accurate predictions of moisture content than X 2 X . It must be remembered, however, that the above data are related to wheat only. For other materials the order of merit of the expressions could be different.
It should be pointed out that the expression X is simply a ratio of two directly measured quantities, and therefore it does not require computation of and . The ratio can be used even when the material layer thickness fluctuates, and this might have some importance in industrial applications. The expression X , on the other hand, during an on-line measurement, can also provide the value of bulk density of the material. It was also observed that the expressions which are quadratic with moisture content [fulfilling the nature of Eqn (25)] are generally more effective in alleviating the density effect. Comparing the SEC figures, it can be concluded that with improved fitting to the experimental data, the quality of the moisture prediction is also improved. When the spread of the data resulting from the density fluctuations is comparable, expressions of higher slope versus moisture content provide better predictions.
To complete the review of density-independent microwave moisture determination, it might be of interest to mention that the procedure using multiple regression analysis with the same set of data, provides the following expressions:
Solving Eqns (30) for k and g, provides equations for the moisture content and the density of the moist material, according to Eqns (24) :
For the frequency of 16)8 GHz, the standard error of calibration for the moisture content is 0)351% moisture and that for density 5)42 kg/m.
Discussion
Comparison of the expressions for density-independent determination of moisture content was carried out with the same set of microwave experimental data. A linear regression model can be used with some expressions, especially for a limited moisture content range. In general, however, these expression should be used with a non-linear regression model by fitting them to a quadratic equation, which in turn may be inverted to provide a density-independent calibration equation for moisture content. The final measure of the effectiveness of the calibration equation in predicting the moisture content of the material is the standard error of calibration (SEC) calculated from a sum of differences between the moisture content determined by the standard oven method and the estimated values predicted by the calibration equation. The better the fit of the density-independent expression to the model, expressed in terms of the correlation coefficient, the more effective is the calibration equation in nullifying the material density effect, and the higher the slope of the expression versus moisture content, the more effective is the calibration equation. With these criteria, no essential difference was found between the effectiveness of expressions derived from the ratio of attenuation and phase shift (X and X ) and those developed from the density-normalized permittivity (X and X ). This observation is valid for wheat, but should be tested carefully for other particulate materials. The validity of this observation also remains to be proven for other temperature ranges.
The calculations presented for two hard red winter wheat cultivars at 24°C yielded calibration equations capable of estimating wheat moisture content with an SEC of about 0)2% moisture content in grain ranging from 10)6 to 18)2%. For an average bulk density of 810 kg/m, the SEC for bulk density prediction was less than 10 kg/m. By using a microwave system for measurements, there is no need for physical contact between the grain and the measuring equipment, and it appears that the same calibration should suffice for different varieties of the same type of grain. The results, although obtained for static samples of grain, are well within the specifications required for commercial moisture meters. The principles developed for static measurements can most likely be extended to flowing grain with similar results.
The existing technology of microwave integrated circuits, microwave radiating elements (patch antennas) and digital signal processing, should allow the construction of robust and reliable equipment for operation under severe field conditions. Such instruments should be useful in yield monitoring in terms of moisture content, bulk density and dry mass of grain in real time. Availability of COMPARISON OF DE NSITY-INDEPENDENT EXPRE SSIONS these data on a continuous basis, in real time and in-situ, could provide an important step forward in realizing advantages of precision farming based on global positioning systems and computerized collection of data.
Conclusions
Moisture content of wheat can be determined independently of bulk density by measuring the relative complex permittivity (dielectric constant and loss factor) or wave parameters such as attenuation and phase shift at microwave frequencies. Several density-independent functions of the permittivity or wave parameters can be used to obtain linear or second-order calibration equations for grain moisture content in terms of the permittivity components or the wave parameters.
Comparison of eight such density-independent expressions by using measured data on hard red winter wheat at 11)3 and 16)8 GHz over moisture contents ranging from 10)6 to 18)2% at bulk densities from 720 to 879 kg/m at 24°C revealed standard errors of calibration of 0.2% moisture content or less for four of the expressions with non-linear calibrations. With linear calibration equations, five of the expressions yielded standard errors of calibration less than 0)3% moisture content.
The performance of the density-independent expressions for grain, established by this research on wheat samples, needs to be tested also over suitable ranges of temperature, with additional kinds of grain, and with flowing grain to determine how well the principles established with static samples apply to dynamic measurements.
